This is a preliminary investigation of the effect of compounding on the mechanical properties of chopped PE fibre-reinforced PE composites, aiming in general at determining the processing conditions which avoid fibre relaxation. It is found that compounding in a Brabender results in fibre melting and recrystallization, whereby its extended chain crystallinity is lost. The property improvement relative to the original LLDPE matrix is attributed to a partial formation of HDPE crystallinity.
Introduction
In a recent study, the concept of a single polymer composite, consisting of a matrix and fibres of the same chemical nature was investigated extensively with composites of ultrahigh molecular weight polyethylene fibres and different polyethylene matricesl-t. Two main issues were addressed extensively, namely, the retention of the fibre properties and the bonding between the fibre and the matrix at the interface and in particular the formation of a transcrystalline layer. It was clarified how those issues pertained to the processing conditions which could result in thermal relaxation and loss of properties of the fibres and which determined the extent of trans-as well as of bulk crystallization.
The first part of the study, performed with continuous PE fibres, showed that moulding under lateral pressure or axial restraint prevented fibre relaxation completely. It also investigated the possibilities for transcrystallization in high density (HDPE) and linear low density polyethylene (LLDPE) matrices. In a more recent, second part of the study, the observations and conclusions of the first were applied to a feasibility investigation of chopped polyethylene fibre reinforced composites-. The important findings of that study were that under careful manufacture conditions the fibres did not melt and a two phase composite system was maintained, including significant transcrystallinity on the fibre surface, produced in an isothermal crystallization process. Also, the presence of the fibres had a significant volume fraction-dependent reinforcing effect on the strength and modulus of the composites, indicating absence of fibre relaxation.
Fibre relaxation in the chopped fibre-reinforced composites was prevented by the restraining effect of the lateral pressure applied by the press in the moulding process-'. The manufacture procedure required, however, that the fibres would be randomly dispersed between the polyethylene sheets. Hence, a number of advantages pertaining to discontinuous fibre-reinforced plastics could not be realized, such as significantly lower production costs and simplicity of manufacturing (e.g., different extrusion or moulding processes) and three-dimensional random reinforcement.
The objective of this preliminary study was to apply conventional plastics compounding techniques to obtain a chopped fibre-reinforced PEIPE compound, and to discover how the compounding process would affect the mechanical properties of the moulded composites.
Experimental
The experimental work comprised two sets of composites, one, a control, was prepared by dispersing chopped fibres between PE sheets as done before>, and another which was compounded, as described below, and which included three samples of 10, 15 and 20 % fibre volume fractions.
The control set comprised LLDPE matrices (Exxon, USA) and Spectra 1000 UHMWPE fibres (Allied Signal, USA). The matrices were prepared from films processed from the pellets by pressing at 150°C under 1.3 MPa for 10 minutes, 3 rom fibres were obtained from the manually chopped continuous yarn, and the composites were prepared by dispersing the fibres between matrix films and pressing at 130°C under 1.4-3.5 MPa for 15 minutes. Thereafter, two alternative thermal cycles were applied for the processing of both the pure matrices and the composites, namely, either water cooling in the press to room temperature at about 20°C/min (WCP), or cooling at 2°C/min to 117°C for an isothermal treatment of 1.5 h followed by water cooling in the press to room temperature at about 20°C/min (ISO).
The compounded composites were prepared from Pellets ofLLDPE (LL 18K FI, Shell Co.) (This grade contains slip and anti-block additives (Erucamide, 0.10 % w/w and talc, 0.30 % w/w, respectively). Its density is 0.918 g/cm'' and the melt flow index is 1 gllO min.) and from chopped, 3 mm long, SK 65 Dyneema fibres (Apply Carbon, France). The chopped PE fibres were mixed with LLDPE in an internal mixer (Plastograph Brabender) at 138°C and 20 rpm. The fibre content was either 10, 15 or 20 % w/w. Because of the low temperature employed, the mixing process was very slow and lasted about 50 min. It was completed when the torque leveled off. Finally, the mixture was removed from the internal mixer and cut into small pieces.
Specimens for the tensile tests were prepared by compression molding to obtain flat sheets and subsequent cutting. A hydraulic thermopress was employed under the following conditions: temperature 138°C; pressure 2 MPa; time 60 min. The same cooling rate was always followed to exclude any processing history effects. It must be noted that an effort was made to employ lower temperatures but the LLDPE matrix did not flow properly. The long duration of the compression molding process was a result of the low temperature employed.
Results and discussion
An obvious difference was readily observed between the two sets of composites, where the control was translucent with the fibres clearly seen, while the three samples of the compounded composites were transparent. This difference, taken to reflect melting of the fibres in the compounded composites, was further investigated by differential scanning calorimetry (DSC). Figure 1 presents two DSC traces of the control set and of a compounded composite of 20 % fibres. Whereas in the first we identify two peaks, namely, that of the LLDPE matrix at 109°C, and that of the PE fibre at 148°C, in the latter we identify a single main peak at 124°C with a shoulder and a small peak at 109 and 151 DC, respectively. It is clear that the compounding process resulted in fibre melting and recrystallization, during which the original extended chain crystallinity of the fibre disappeared, to produce perhaps a similar structure of HDPE (considering a typical melting point of pure HDPE of 132°C). Table 1 displays the results of the control set for two thermal treatments (the average coefficients of variation were 7 and 11 % for the strength and modulus, respectively). A significant effect of the reinforcement on both the modulus and the strength is clearly seen already at this low fibre content of 10 %, producing property improvement of up to 100 %. In addition it is seen that the isothermal treatment results in significantly higher properties. As our previous investigations showed-, LLDPE did not produce significant trans crystallinity under a variety of thermal treatments. Accordingly, the higher properties of the isothermally crystallized composites compared with the water cooled in the press reflect the net effect of the crystallization process on the properties of pure matrix. Table 2 displays the results of the compounded composites (the average coefficients of variation were 9 and 16 % for the strength and modulus, respectively). It is seen that the mechanical properties of the composites are independent of the fibre content, implying an absence of reinforcing effect typical of composite materials. Also, the strength and in particular the modulus are significantly smaller than the control composites in Table 1 . Yet, compared with the values of the pure matrix in Table 1 a significant property improvement is observed. Finally, it is noted that all the specimens exhibited a yield point followed by plastic deformation with failure strains of up to about 2 orders of magnitude higher compared with the control set.
Conclusions
In view of the DSC results and of the absence of a fibre content related reinforcing effect, it is thought that the compounding subjects the fibres to melting and recrystallization, whereby their original extended chain crystallinity transforms into the folded chain crystallinity of HDPE. Hence, the improved properties of the compounded composites compared with those of the LLDPE matrix reflect a partial transformation of the system from LLDPE to HDPE.
